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cochlear implant; multipolar stimulation; current focusing; modulation detection; inferior colliculus
NEW & NOTEWORTHY

In this study, we explored the capability of inferior colliculus neurons to detect amplitude-modulated cochlear implant stimulation with current focusing stimulation compared with monopolar stimulation. To our knowledge, the data presented represent the first report of electrophysiological modulation detection using focused multipolar and tripolar stimulation.
ALONG WITH IMPROVED SPEECH processor hardware and electrode designs, developments in stimulation strategies, such as the use of amplitude-modulated interleaved electrical pulse trains, have resulted in remarkable speech understanding in multichannel cochlear implant (CI) users (Dorman 1993; McDermott et al. 1992; Skinner et al. 1994; Wilson et al. 1991) . In most modern stimulation strategies, the slow-varying temporal envelopes of bandpass-filtered components of sound are conveyed in the modulation waveforms and the spectral information is transmitted by activation of electrodes at appropriate cochlear places. The electrodes are stimulated typically in a monopolar (MP) configuration, where stimuli are presented to single intracochlear electrodes with reference to a remote extracochlear electrode. In contrast to the generally good speech comprehension in most CI users in quiet conditions, there is a great deal of difficulty when speech is presented in noise (Fu et al. 1998 ). Many patients report poor perception of sounds such as music and tonal languages that are rich in temporal and spectral information (Skinner et al. 1994; Sucher and McDermott 2007) .
CI users are generally provided with limited spectral and temporal information compared with normal-hearing listeners (Friesen et al. 2001; Won et al. 2015) . The importance of both temporal and spectral resolution for good speech reception has been reported in normal-hearing listeners (Souza et al. 2015; Xu et al. 2005; Xu and Pfingst 2008) and in recipients of auditory prostheses (Cazals et al. 1994; Colletti and Shannon 2005; Donaldson and Nelson 2000; Fu 2002; Fu et al. 2004; Nie et al. 2006; Shannon 1992) . For example, higher speech perception scores are correlated to better temporal processing capabilities, as measured by amplitude modulation detection thresholds (MDTs) (Cazals et al. 1994 De Ruiter et al. 2015 Fu 2002; Gnansia et al. 2014; Won et al. 2011) .
One of the underlying causes of the limited spectral and temporal resolution in CIs could be the large current spread from MP stimulation. Methods to increase the number of truly independent channels available for stimulation and improve spectral resolution by current focusing have become of great interest in CI research. Psychophysical and electrophysiological studies have shown that bipolar (BP) and tripolar (TP) stimulation produce sharper excitation patterns and decreased perceptual interactions among simultaneously stimulated chan-nels compared with MP stimulation Middlebrooks 2002, 2004; Chatterjee et al. 2006; Kral et al. 1998; Snyder et al. 1990; Srinivasan et al. 2010; van den Honert and Stypulkowski 1987) . However, studies of speech perception have generally shown that CI users tend to perform as well with MP stimulation as with BP and TP stimulation (Berenstein et al. 2008; Fielden et al. 2015; Mens and Berenstein 2005; Pfingst et al. 1997 Pfingst et al. , 2001 Zwolan et al. 1996 ). An electrophysiological study by Middlebrooks (2008b) reported that narrow BP stimulation resulted in higher MDT compared with MP stimulation, suggesting a possible reason for the lack of speech perception benefit with BP stimulation over MP stimulation. Middlebrooks also reported that responses to narrow BP stimuli tended to show increased trial-by-trial variations in first-spike latencies (i.e., temporal jitter) compared with MP stimulation. These results suggest that there may be a link between these two measures of the temporal processing.
Focused multipolar (FMP) stimulation (also referred to as phased-array stimulation) has also been used as a method to spatially restrict neural activation in CIs (Kalkman et al. 2015; Marozeau et al. 2015; Smith et al. 2013; van den Honert and Kelsall 2007) . Our previous electrophysiological studies in both acute and long-term deafened animals showed that FMP and TP stimulation can produce a narrower spread of activation in the inferior colliculus (IC) and reduced channel interactions compared with MP stimulation, with no significant differences observed between FMP and TP stimulation (George et al. 2014 (George et al. , 2015a (George et al. , 2015b . FMP stimulation was also shown to significantly improve subjects' ability to discriminate spectral features and detect dynamic modulations in sound stimuli (Smith et al. 2013 ). These results indicate that current focusing stimulation (i.e., FMP and TP stimulation) can improve spectral resolution. An important question then arises as to how current focusing stimulation would compare against traditional MP stimulation when conveying amplitude modulation information.
The present study examined IC neural responses to amplitude-modulated electrical pulse trains using FMP and TP stimulation, compared with MP stimulation, in acutely deafened guinea pigs. We tested modulation depths from Ϫ42 dB (i.e., 0.78% modulation) up to 0 dB (i.e., 100% modulation) and compared responses to unmodulated pulse trains. Measures of modulation sensitivity based on phase locking (vector strengths) and spike count of IC neurons while the modulation frequency and stimulus level were varied were compared across stimulation configurations.
MATERIALS AND METHODS
Experimental animals. Data were obtained from five young adult pigmented guinea pigs (300 -600 g) of either sex. All procedures were in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes and with the U.S. National Institutes of Health guidelines regarding the care and use of animals for experimental procedures, and were approved by the Bionics Institute Animal Research Ethics Committee. The hearing status of each animal was pre-assessed on the day of the experiment by measuring the auditory brain stem response to acoustic stimuli delivered to each ear using standard techniques (Coco et al. 2007) .
Anesthesia, surgery, and recording procedure. Animals were premedicated with atropine sulfate (0.1 mg/kg im). Anesthesia was induced and maintained by administration (via face mask) of isoflurane (3% for induction and 1-1.5% for maintenance) with oxygen (1 l/min). A heating pad was used to maintain the core body temperature at 37.0 Ϯ 1°C. The respiration rate (normal levels: 10 -20 breaths/ min) and end-tidal CO 2 (normal levels: 1-3%) were monitored over the duration of the experiment (15-17 h).
Before the surgery, animals were placed in a stereotaxic frame (David Kopf Instruments). Local anesthesia (lignocaine, 20 mg/ml sc) was applied before an incision was made above the left pinna. The temporalis muscle was retracted to expose the left tympanic bulla. The bulla was opened, malleoincudal ossicle was removed, and the round and oval windows were punctured. The left cochlea was deafened by infusing neomycin sulfate (10% wt/vol solution) into the round window and aspirating the solution at the oval window to ensure the access of the drug to all regions of the cochlea (Hardie and Shepherd 1999) . This was done to ensure that the electrophysiological responses were not contaminated by electrophonic activity arising from stimulation of hair cells (Black et al. 1983; Sato et al. 2016) . Animals were implanted with a Hybrid L8 array consisting of eight intracochlear half-band platinum electrodes on a silicon carrier (Shepherd et al. 2011) . The electrodes were 0.3 mm in length, spaced ϳ0.75 mm center to center. The electrode array tapered in diameter from 0.37 to 0.3 mm from the most basal to the most apical electrode. The electrode array was inserted ϳ6.75 mm through the round window into the scala tympani and was fixed in place throughout the experiment. Note that the uncoiled length of a guinea pig cochlea is ϳ18 -19 mm (Fernández 1952) , and thus our electrodes were located in mid-to high-frequency regions.
A craniotomy of the parietal bone was performed on the right dorsolateral portion of the skull, and the cerebral cortex was aspirated to expose the IC contralateral to the implanted cochlea. Multiunit neural activity was recorded using a single-shank silicon-substrate recording array (NeuroNexus Technologies) inserted along the cochleotopic axis of the central nucleus of the IC. The array consisted of 32 iridium recording sites spaced at intervals of 100 m (center to center), each having a circular surface area of 413 m 2 . The array was mounted on a microdrive positioner (David Kopf Instruments), positioned at the surface of the IC and advanced ϳ100 m/s along the dorsolateral-to-ventromedial extent of the IC, at a 45°angle from the sagittal plane, along the main cochleotopic gradient of the IC (Landry et al. 2013; Snyder et al. 1990 ). The depth of penetration (ϳ3.5 mm) was chosen by visually monitoring responses of neurons at the tip recording site to electrical stimulation. Multiunit spike activity from the recording sites was amplified, filtered, and digitized at a sampling rate of 30 kHz using a Cerebus data acquisition system (Blackrock Microsystems). At the conclusion of the experiment, the animal was euthanized with an intraperitoneal injection of Lethabarb (0.5 mg/kg).
Stimulus generation and data acquisition. Stimulus waveforms were generated by an in-house purpose-built multichannel stimulator consisting of multiple Howland current sources driven by a 12-bit digital-to-analog converter (DAC; National Instruments). The stimulator was controlled using custom software implemented in Igor Pro (Wavemetrics). Electrical stimuli consisted of 1-s modulated/unmodulated trains of biphasic pulses. Individual pulses were charge balanced, cathodic first, 400 s per phase, with an interphase gap of 50 s for all tested configurations. A longer phase duration than typically used clinically (25-200 s) was used because of the greater charge required for FMP and TP configurations to evoke neural activity (George et al. 2014) . The carrier pulse rate was 120 pulses/s (pps), and pulse trains were presented at a repetition rate of 0.5 Hz. Although clinical CIs stimulate at higher rates, the carrier pulse rate in this study was limited to 120 pps to ensure that stimulus artifacts did not contaminate the multiunit recordings. The peak amplitude of the stimulus waveform was programmed in clinical current level (CL) units defined by Cochlear, ranging between 0 and 255, where current (in A) ϭ 17.5 ϫ 100 (CL/255) . Stimuli were presented in MP, TP, and FMP stimulation configurations. With MP stimulation, only one current source was used and current pulses were delivered to a single intracochlear electrode. With TP stimulation, three current sources were used and current pulses were delivered to a central intracochlear electrode with two adjacent intracochlear electrodes, each carrying half the current in the opposite phase. With FMP stimulation, eight current sources were used to deliver weighted positive and negative current pulses simultaneously to all intracochlear electrodes (George et al. 2014; van den Honert and Kelsall 2007) . Note that FMP stimulation can also be achieved using a single current source (Senn 2014) .
A "channel" in this study refers to a set of cochlear electrodes used to deliver current in a particular stimulation configuration. Channels were numbered increasing from base to apex, in accordance with the convention used in clinical CIs. The number of its center electrode indicated each FMP and TP channel. For each FMP channel, the weight vector was constructed on the basis of the strategy adapted from van den Honert and Kelsall (2007) . A transimpedance matrix was measured for all intracochlear electrodes, with each column of the inverse of this matrix used to calculate the numerical weights that determined the current from each electrode to produce a single FMP stimulation channel.
A cochlear channel corresponded to one cochlear location in one animal, and at that point all three stimulation configurations were tested. Cochlear channels that had at least one adjacent or "flanker" electrode on each side using both FMP and TP were stimulated with unmodulated and modulated pulse trains using FMP, TP, and MP stimulation. Amplitude-modulated stimuli were sinusoidal modulated pulse trains (Fig. 1) . Pulse trains were modulated by the function
where m is the modulation depth (defined as the ratio between the minimum and peak current levels, adapted from Perry 2012) and f m is the modulation frequency (in Hz). Modulation frequencies used were 10, 20, 30, and 40 Hz. Modulation depths when represented in decibels as 20 log 10 (m) ranged from 0 to Ϫ42 dB in 6-dB steps (i.e., 100, 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125 , and 0% modulation; Fig. 1) . The peak current level of the modulated/unmodulated pulse train was fixed at 2 dB above the threshold of the unmodulated pulse train. A subset of CI channels were also tested at 1 and 4 dB above the threshold. Combinations of stimulation configuration, modulation frequency, modulation depth, and peak current level were presented at random with each repeated five times. Data analysis. Single-unit and multiunit recordings were processed offline, using customized spike detection scripts in Igor Pro (Wavemetrics). The signal was bandpass filtered (0.3-5 kHz), and stimulus artifacts were removed using techniques detailed by Heffer and Fallon (2008) . Spikes were detected when the signal exceeded four times root mean square for each recording channel (Fallon et al. 2009 ). Analysis was performed on a window from 50 to 1,050 ms after onset of the pulse train (Fig. 1) ; responses preceding 50 ms were excluded to avoid any effects that may have occurred due to the onset of the stimulus. For each stimulus condition, spike counts were averaged across five trials and normalized between the spontaneous activity rate (average rate in a window from 33 to 3 ms prestimulus) and maximum response across stimulation configurations on a particular recording site as detailed by Landry et al. (2013) . Thresholds were estimated from "IC response images" in which normalized spike rates were displayed with the stimulus intensity on the y-axis and the depth of the recording site on the x-axis (see Fig. 3 ); this analysis is detailed in our previous study (George et al. 2014 ). The lowest current that elicited a normalized spike rate of 0.3 using an unmodulated pulse train was defined as the IC threshold (Landry et al. 2013 ) for each cochlear channel. A minimum of 0.3 was chosen for threshold so that spike rates on the best recording site and those adjacent to it were higher than 2 SD of the mean spontaneous rate. IC threshold and the best recording site (i.e., the recording site that yielded the lowest threshold) were computed for each CI channel when presented with unmodulated pulse trains. We also calculated the first spike latency and the standard deviation of the first spike latency across trials (i.e., temporal jitter) for each best recording site.
IC neural responses to a modulated stimuli were characterized by 1) averaged spike rate across the duration of stimulation and 2) the vector strength of IC neuronal phase locking at the modulation frequency. The extent of phase locking of IC spikes to the modulator waveform was quantified by computing the vector strength (Goldberg and Brown 1969; Krishna and Semple 2000; Middlebrooks 2008a ). Vector strength was calculated only for trials that resulted in activity of more than 4 spikes over the 1-s recording period to avoid erroneously high vector strengths for channels without very good driven activity (Middlebrooks 2008b) . Each spike was expressed as a unit vector, with the phase () obtained by expressing the spike time relative to the stimulus period. The mean vector strength was determined by averaging the resulting vector (across n spikes over the duration of stimulation). Vector strength could vary from a minimum of 0 (no phase locking) to a maximum of 1 (all spikes occur at the same unique phase). The statistical significance of the vector strength was assessed by applying the Rayleigh's test of circular uniformity at the level of P Ͻ 0.01 (Stephens 1969) .
The change in vector strength with modulation depth (Fig. 2, A and B) at each recording site was quantified by the discrimination index d=, computed by a procedure derived from signal detection theory (Green and Swets 1966; Macmillan and Creelman 2005) . A receiver operator characteristic curve was formed based on vector strengths elicited for five trials when the stimulus was modulated and unmodulated, by varying the vector strength criterion from 0 to 1. The area under the receiver operator characteristic curve was expressed as a standard deviate, and the resulting z score was multiplied by 2 to obtain d=. For the best recording site (i.e., the recording site that was most sensitive Each value of d= was computed from the area of the receiver operator characteristics curve formed, based on vector strengths calculated for 5 trials when the stimulus was unmodulated and modulated at a particular depth. The modulation depth when each interpolated plot crosses d=of 1 was chosen as the MDT (arrows in C and D). The modulated and unmodulated pulse trains are presented at 2 dB above the threshold of an unmodulated pulse train. to a particular stimulation configuration) of each stimulating channel, the value of d= was computed across modulation depths of Ϫ42 to 0 dB in steps of 6 dB. The lowest interpolated modulation depth that yielded a d= of 1 was chosen as the MDT (Fig. 2, C and D) , an adaption of the methodology described by Middlebrooks (2008b) . Additionally, for all best recording sites in the IC, plots of average spike rate across five trials (in the window from 50 to 1,050 ms after the onset of the pulse train) vs. stimulation level (rate-level curves; see Fig. 4 ) were generated using responses to unmodulated pulse trains. From these plots, the slopes around 1, 2, and 4 dB above the threshold (i.e., the increase in spike rate from 5 CL below to 5 CL above) were computed and compared across the different stimulation configurations. This was done to assess if the rate-level curve would be related to the modulation sensitivity for different stimulation configurations.
Statistical analysis. All statistical analyses were performed using SigmaPlot version 13.5 (Systat). The data were pooled over all stimulated channels. Comparisons of IC threshold, spike rate, and temporal jitter between MP, TP, and FMP stimulation were performed using one-way repeated-measures analysis of variance (RM ANOVA), with Tukey's corrected post hoc testing of individual comparisons where appropriate. A two-way RM ANOVA was performed to compare the effects of two stimulus parameters on MDTs. Simple linear regression was used as a measure of correlation between two variables.
RESULTS
Across five animals, we tested four cochlear channels each in four animals and one cochlear channel in the final animal, thus totaling 17 cochlear channels. We obtained measurements of IC neural responses from 160 recording sites based on 5 recording array placements. We extracted 10 single units, which showed patterns of responses similar to the multiunit activity (as shown in Fig. 2) . However, because of the limited number, these units were not analyzed further separately. The main analyses were done on multiunit activity from the 17 best recording sites (i.e., the recording site that was most sensitive to each CI channel). The best recording sites for FMP, TP, and MP stimulation of a particular CI channel were not always the same, as observed in our previous studies.
IC response images were generated for electrical stimulation with MP, FMP, and TP stimulation configurations using unmodulated pulse trains. Figure 3 illustrates IC response images and the spatial tuning curves (STCs) from one animal following electrical stimulation of cochlear channel 6 (in the apical third of the array) using the three different stimulation configurations. STCs were generated for each response image (shown by the white line) by joining the stimulus intensities that yielded a normalized spike rate of 0.3 on each recording site. Consistent with our previous results in cats (George et al. 2014 (George et al. , 2015b , the width of the STC increased with increasing stimulus intensity above threshold. MP stimulation resulted in very broad STCs, generally spreading across the entire recording array and resulting in significant myogenic activity at higher intensities, whereas FMP and TP STCs were similarly narrow at low intensities.
Average spike rate. For each cochlear channel, the spike rate in the window from 50 to 1,050 ms after the onset of the pulse train was derived for the best recording site. There was a monotonic increase in spike rate with increasing stimulation level found in the rate-level curves (Fig. 4A) . Consistent with Fig. 3 . Response images across the cochleotopic axis of the IC to electrical stimulation using an unmodulated pulse train in FMP (A), TP (B), and MP stimulation configurations (C) in an acutely deafened guinea pig. Each response image was labeled according to configuration and channel number (shown for stimulating channel 6). The tip of each response image corresponded to the recording site that is most sensitive to that particular stimulation configuration. Fig. 4 . A: mean spike rate (ϮSE) across 5 trials vs. stimulation level function of the best recording site for an unmodulated pulse presented in different stimulation configurations. Threshold level and levels of 2 and 4 dB above the threshold are indicated (filled symbols). B: group mean (ϮSE; n ϭ 12 recording sites) for rate-level slope (i.e., the change in spike rate in 10 CL) for MP, TP, and FMP stimulation configurations for different stimulation levels tested. *P Ͻ 0.05. our previous animal studies using single pulses (George et al. 2014 (George et al. , 2015b , thresholds for IC activation using single pulses and unmodulated pulse trains were significantly higher (1-way RM ANOVA, P Ͻ 0.001) for FMP and TP than for the MP configuration. With the use of single pulses, IC thresholds averaged 37.6 Ϯ 3.4 dB (relative to 1 A; mean Ϯ SE) for MP, 50.3 Ϯ 7.2 dB for FMP, and 51.9 Ϯ 8.2 dB for TP stimulation. IC thresholds using unmodulated pulse trains averaged 40.1 Ϯ 4.6 dB (relative to 1 A; mean Ϯ SE) for MP, 52.7 Ϯ 8.7 dB for FMP, and 53.8 Ϯ 8.5 dB for TP stimulation. A paired t-test confirmed no significant difference between IC thresholds using single-pulse and unmodulated pulse trains (P Ͼ 0.05).
We analyzed the slope of the rate-level curve for the unmodulated pulse train around 1, 2, and 4 dB above the threshold for a subset of channels (n ϭ 12). Around 1 and 2 dB above the threshold, the rate-level slope was significantly dependent on stimulation configuration ( Fig. 4B ; 1-way RM ANOVA, P Ͻ 0.05), with FMP and TP stimulation having a significantly shallower slope compared with MP stimulation. However, no significant difference was observed between stimulation configurations around 4 dB above the threshold. To determine the effect of stimulation level on the rate-level slope for each stimulation configuration, independent one-way RM ANOVAs were performed. With FMP and TP stimulation, no significant difference was observed between slopes measured at different stimulation levels. However, MP rate-level slopes were shallower around 4 dB than at 1 and 2 dB above the threshold (P values Ͻ0.05). Figure 5 shows the mean spike rate measured for FMP (circles), TP (triangles), and MP stimulation (squares) as a function of modulation depth for various modulation frequencies. Note that the mean spike rate measured for stimulation using an unmodulated pulse train is also shown in each plot.
We observed a general trend of reduction in the overall spike rate with increased modulation depths. In the case of MP stimulation, a significant reduction in the spike rate was observed from Ϫ18 to 0 dB (compared with the unmodulated stimulus) at all modulation frequencies (1-way RM ANOVA, P Ͻ 0.05). For FMP and TP stimulation, spike rate was significantly reduced at Ϫ6 and 0 dB (1-way RM ANOVA, P Ͻ 0.05).
Cycle histograms. Modulation cycle histograms, which show the distribution of spikes over the phase of the modulating waveform, demonstrated the temporal patterning of IC activity across various stimulation configurations and various modulation depths (Fig. 6) . In each panel of Fig. 6 , the associated vector strength, which quantifies the phase locked firing of spikes (i.e., the tendency of spikes to occur over a range of phases of the stimulating waveform) is indicated. The top row of panels shows the spike patterns to unmodulated pulse trains, and lower values of vector strength indicate the absence of and/or weaker phase locking. For all stimulation configurations, phase locking was weak at very low modulation depths and strengthened with increasing with modulation depth.
Peak spike rate. In contrast to the mean spike rate, the peak spike rate (i.e., the maximum of the cycle histogram) showed an increasing trend with increased modulation depths with all three stimulation configurations (Fig. 6 ). This is because the spikes get clustered more tightly, so the peak rate increases as vector strength increases, whereas the mean spike rate decreases, as shown in Fig. 5 . These data are summarized in Fig. 7 and demonstrate that MP stimulation showed a significant increase in peak spike rate (compared with the unmodulated stimulus) when with a depth of Ϫ12 to 0 dB, whereas FMP and TP stimulation only showed a significant increase at a depth of 0 dB (1-way RM ANOVAs, P values Ͻ0.05). We did not observe a change in the best modulation phase across different stimulation configurations, stimulation channels, or modulation frequencies.
Vector strength. The distributions of vector strength across all best recording sites for FMP, TP, and MP stimulation configurations and for modulation frequencies of 10, 20, 30, and 40 Hz are shown in Fig. 8 . These distributions include vector strengths of best recording sites from all animals, represented by different symbols, with closed symbols representing vector strengths that were statistically significant (Rayleigh test, P Ͻ 0.01) and open symbols indicating Fig. 5 . Spike rate (mean Ϯ SE; n ϭ 17 recording sites) in the 50 to 1,050 ms window after the onset of the pulse train, plotted as a function of modulation depth for various stimulation configurations. Each panel represents a particular modulation frequency, as indicated. Spike rate corresponding to the unmodulated pulse train is also included. The modulated and unmodulated pulse trains are presented at 2 dB above the threshold of an unmodulated pulse train.
vector strengths that were not significant. The vector strengths computed for IC responses to unmodulated pulse trains presented in three different stimulation configurations are also shown (dotted lines). In every panel, vector strengths increased monotonically with increasing modulation depth. Vector strengths varied amongst stimulation configurations, with 50% of sites showing significant vector strengths with MP stimulation at modulation depths greater than or equal to Ϫ24 dB, and with FMP and TP stimulation at modulation depths greater than or equal to Ϫ12 dB.
To ensure that artifact contamination did not affect our vector strengths (because artifacts could vary between stimulation configurations), we implemented additional measures in the analyses that included analysis of single-unit activity (Fig.  2B ) and analyses of recording sites away from the best recording site (which would have the same artifacts and background noise but different spiking activity). These distant recording sites did not exhibit any significant vector strengths regardless of the configuration, confirming that the phase locking observed on the best recording sites were indeed from spiking activity, and not from stimulus artifacts. Figure 9 shows MDTs based on vector strength for the best recording sites to electrical stimulation of cochlear channels in different stimulation configurations. A two-way RM ANOVA (stimulation configuration and modulation frequency as factors) showed that MDTs were significantly different between stimulation configurations (P Ͻ 0.001) and not between different modulation frequencies (P Ͼ 0.05), with no significant interaction between stimulation configuration and modulation frequency (P Ͼ 0.05). Post hoc tests indicated that MP stimulation exhibited lower MDTs than FMP and TP stimulation (P values Ͻ0.001), and no significant difference was observed between FMP and TP stimulation (P Ͼ 0.05). The MDTs measured across all modulation frequencies averaged Ϫ18.08 Ϯ 0.87 dB for FMP, Ϫ17.62 Ϯ 0.82 dB for TP, and Ϫ26.47 Ϯ 1.08 dB for MP stimulation.
Modulation detection threshold.
Temporal jitter. An independent measure of the temporal characteristics of responses to each stimulation configuration was provided by the first-spike latency and temporal jitter, calculated as the standard deviation of first-spike latency. Both first-spike latency and temporal jitter generally decreased monotonically with increasing current level. At 2 dB above the threshold, the first-spike latency ranged from 3.8 s to 5.9 ms across all three stimulation configurations, with mean value of 4.78 Ϯ 0.34 ms for FMP, 4.70 Ϯ 0.29 ms for TP, and 4.55 Ϯ 0.13 ms for MP stimulation. The jitter values measured at 2 dB above threshold averaged 0.73 Ϯ 0.35, 0.69 Ϯ 0.29, and 0.54 Ϯ 0.26 ms for FMP, TP, and MP stimulation, respectively. Both the first-spike latency and the temporal jitter did not differ significantly between different stimulation configurations (1-way RM ANOVA, P Ͼ 0.05, n ϭ 17).
Effect of stimulation level on MDT. To study the effects of overall stimulation level on MDTs, a subset of CI channels (9 channels across 3 animals) were stimulated at lower (1 dB above the threshold) and higher (4 dB above the threshold) stimulation levels. At l dB above the threshold, configuration effects on MDTs were similar to those observed at 2 dB above the threshold (i.e., MP stimulation exhibited lower MDTs than FMP and TP stimulation; Fig. 10 ; 1-way RM ANOVA, P values Ͻ 0.01) with no significant difference between FMP and TP stimulation (P Ͼ 0.05). However, at 4 dB above the threshold, no significant difference was observed between the different stimulation configurations ( Fig. 10 ; 1-way RM ANOVA, P values Ͼ0.05).
To determine the effect of stimulation level on MDTs for each stimulation configuration, independent one-way RM ANOVAs were performed. In the case of MP stimulation, MDTs measured at higher stimulation level (i.e., at 4 dB) were significantly higher than those measured at lower stimulation levels (P values Ͻ0.05). With FMP and TP stimulation, no significant difference was observed between MDTs measured at different stimulation levels.
Effect of stimulation site on MDT. The modulation sensitivity or the strength of phase locking varied according to the site of the CI channel. Figure 11 shows the distribution of MDTs as a function of CI channel number measured across all modulation frequencies for different stimulation configurations. For each stimulation configuration, MDTs exhibited a significant correlation with the stimulation site (P values Ͻ0.001). Highest MDTs were recorded for the basal CI channels. This dependency is likely to be the major factor contributing to the wide variations observed in vector strengths in Fig. 8 . However, we did not observe significant apical/basal differences of other parameters such as first-spike latency and spike rate.
DISCUSSION
In the present study, we evaluated the responses of IC neurons to sinusoidal amplitude-modulated pulse trains using FMP and TP stimulation and compared these to responses obtained with MP stimulation. We also examined the effects of stimulation level and modulation frequency on modulation sensitivity for the different stimulation configurations. The sensitivity of IC neurons to amplitude modulation was characterized on the basis of average spike rate over the duration of the stimulus and the strength of phase locking, represented by the vector strength. To the best of our knowledge, the data presented in this article represent the first report of electrophysiological modulation detection using FMP and TP stimulation.
The main finding of this study was that at lower stimulation levels (1 and 2 dB above threshold), MP stimulation had lower MDTs than FMP or TP stimulation, whereas no significant difference was observed between FMP and TP stimulation. However, at 4 dB above threshold, MDTs did not differ significantly between stimulation configurations, as a result of increased MDTs at higher stimulation levels with MP stimulation. Moreover, we observed a reduction in spike rate with increased modulation depths, with MP stimulation resulting in a significant reduction in spike rate at shallower modulation depths than FMP and TP stimulation. We did not observe any difference between different modulation frequencies tested. Finally, modulation sensitivity was generally poorer when stimulating more basal CI channels.
It is worth noting that in the present study, comparisons of stimulation configuration at particular stimulation levels expressed in decibels relative to threshold may be confounded by the fact that we might have operated at different levels of dynamic range given the previous reports of different dynamic ranges for MP, TP, and FMP (George et al. 2014 (George et al. , 2015b . For example, 2 dB above the threshold might be at different loudness level (i.e., a softer level for FMP and TP stimulation Fig. 7 . Mean spike rate at the peak of the cycle histogram plotted as a function of modulation depth for various stimulation configurations (n ϭ 17 recording sites). Spike rate corresponding to the unmodulated pulse train is also included. The modulated pulse trains were presented at 2dB above the threshold of an unmodulated pulse train and were modulated at 10 Hz. compared with MP stimulation; see Fig. 4 , where MP stimulation resulted in higher spike rates compared with FMP and TP stimulation). However, given that MDTs were similar across all stimulation levels (i.e., 1, 2, and 4 dB above threshold) for FMP and TP stimulation, this difference in dynamic range between the stimulation configurations should not affect the main findings.
Relation to other animal studies. The present study can be compared with the electrophysiological study conducted by Middlebrooks (2008b) in acutely deafened guinea pigs. That study examined phase locking of neurons in the auditory cortex to the envelope of modulated pulse trains presented in MP and narrow BP (i.e., adjacent active and return electrodes) stimulation configurations, with both configurations using the nextto-most apical intracochlear electrode as the active electrode.
Middlebrooks reported that modulation detection of MP stimulation was significantly better than narrow BP stimulation for the 254 and 4,096 pps carrier rates. Similarly, for the 120 pps carrier rate, the present study showed that MP stimulation tended to have enhanced modulation sensitivity compared with FMP and TP stimulation. However, the advantage in modulation sensitivity with MP over FMP and TP stimulation was only observed at low stimulation levels. This may be in part explained by the steeper rate-level slopes found when MP stimulation was used with unmodulated pulse trains (Fig. 4) , resulting in a larger change in spike rate across the modulation cycle. This in turn would have led to a sharper cycle histogram (Fig. 6) , and hence a higher vector strength. However, at higher stimulus levels, we observed that MP rate-level curves were flatter around 4 dB than at 2 dB above threshold, whereas the slopes for focused stimulation were unchanged, which might account for the decrease in modulation sensitivity of MP stimulation at higher stimulation levels.
Even though the stimulation levels in Middlebrooks' study were set to 2, 4, and 6 dB above threshold, data were reported only for the stimulation level that produced the lowest MDT when MP stimulation was compared with BP stimulation. Therefore, it is possible that a similar level effect may have been present in the Middlebrooks study but that it was not evident because of the collapse across stimulation level. Middlebrooks proposed that the better modulation sensitivity seen with MP stimulation was due to the widespread and synchronous neural activation that typically occurs with MP stimulation. This hypothesis was supported by the significantly lower temporal jitter observed in response to MP stimulation compared with BP stimulation. In contrast, there was no significant difference in temporal jitter at 2 dB above threshold in the present study between all three stimulation configurations tested. We observed that IC neurons exhibited mean first spike latencies in the range 3.8 to 5.9 ms across all three stimulation configurations, consistent with previous reports from our laboratory with the use of similar experimental techniques (Landry et al. 2013) . Whereas the present study observed a reduction in IC spike rate with increased modulation depth, Middlebrooks' study reported that the spike rate typically increased with modulation depth. The discrepancy between these two results is likely to be related to differences in the modulation waveforms used. The present study used modulated waveforms with the peak amplitude fixed (i.e., maximum downmodulation); thereby, greater modulation depths resulted in reduced number of points where current level exceeded neural threshold (see Fig. 1C ). In contrast, the Middlebrooks' study used modulated waveforms with current levels ranging above and below (i.e., mean up-and downmodulation) the mean current in modulated waveform such that the peak amplitude increased with increase in modulation depth, typically resulting in increased spike rates. Finally, Middlebrooks' data showed a considerable increase in the percentage of units that showed no phase locking at any modulation depth with BP stimulation. This effect was, however, not evident with TP or FMP stimulation in the present study. A likely explanation for the failure to find this effect is that the present study analyzed only the best recording sites or the most sensitive units, whereas Middlebrooks reported every unit that was recorded. Moreover, some of the differences found between the two studies might be a consequence of the difference in recording structure (i.e., IC vs. auditory cortex). These structures are known to have different limiting rate, which is much higher in the IC (i.e., ϳ120 Hz; Middlebrooks and Snyder 2010) than auditory cortex (i.e., ϳ20 Hz; . Notably, in the present study, even though we excluded responses before 50 ms to avoid onset response, we observed that 100% of best recording sites displayed a significant time-locked response (vector strength ranging from 0.46 to 0.99 when including first response at 50 ms and from 0.48 to 0.99 when excluding response prior to 50 ms) to each pulse in the carrier pulse train employed at 120 pps for all stimulation configurations and all stimulation sites. Finally, there are also differences in the level of spectral integration that occurs in the IC and auditory cortex (Casseday et al. 2002; Irvine 1992; Read et al. 2002) , which may contribute to some of the differences between the present study and Middlebrooks' study.
Relation to human studies. The ability to detect amplitude modulation has been widely used to measure the temporal envelope-processing capability in CI users. Modulation transfer functions, defined as the plot of MDT as a function of modulation frequency, measured in CI subjects generally show low-pass characteristics with a 100-to 150-Hz cutoff frequency (Busby et al. 1993; Shannon 1992) . Similarly, for the low modulation rates used in this study , there was no change in the modulation sensitivity with modulation frequencies. Fig. 10 . Group means (ϮSE) for modulation detection thresholds for MP, TP, and FMP stimulation configurations for different stimulation levels tested (n ϭ 17 recording sites for 2 dB and n ϭ 9 recording sites for 1 and 4 dB). *P Ͻ 0.01; **P Ͻ0.001. Consistent with several reports on the significant variability in MDTs across listeners and also across stimulation sites within listeners (Colletti and Shannon 2005; Fu 2002; Garadat et al. 2012; , we observed that vector strengths and MDTs varied widely among stimulation sites for all stimulation configurations. There have been reports of systematic variation in MDTs along the cochlear length in some CI users (Garadat et al. 2012; Pfingst 2011; Pfingst et al. 2007) . Consistent with these reports, the present study showed a clear tendency for more apical channels to have enhanced modulation sensitivity. This could be related to the systematic anatomical differences along the cochlear spiral, such as wider cross-sectional diameter of the scala at more basal locations, resulting in current flowing along different pathways. It is also possible that these variations could be induced by differences in the location of the stimulating electrodes relative to the modiolus as a function of cochlear length. There is a dramatic decrease of cross-sectional area after 4 -5 mm in the guinea pig cochlea from ϳ1.1-1.3 mm to ϳ0.3-0.4 mm (Fernández 1952; Thorne et al. 1999; Wada et al. 1998) , and hence the most apical contacts were likely to be located very close to the modiolar wall. The present result is also consistent with the results of the study by Middlebrooks and Snyder (2010) in which they showed that low-frequency IC sites had better temporal acuity than high-frequency sites. In the present study, the correlation between MDTs and stimulation site was similar for the broad MP stimulation and the focused stimulation (i.e., FMP and TP). This is attributed to our analysis that was based only on the best recording sites rather than the whole recording array.
There are several caveats to note when comparing the present animal study with human psychophysical data. Among these are a range of species-dependent factors and differences in the experimental methodology, including duration of deafness and electrical stimulation parameters. Additionally, MDTs determined using psychophysical approaches may differ methodologically from the electrophysiologically determined MDTs in the midbrain described in the present study. Stimulation levels in human psychophysical studies are normally set at levels within the dynamic range from threshold to most comfortable level, whereas the present study tested modulation sensitivity at stimulation levels relative to the lowest IC activation threshold. Most human psychophysical studies have found that MDTs generally improve as the stimulation level is increased (although some CI users were reported to show no effect above 30% of their dynamic range ; Fu 2002; Galvin and Fu 2009; Shannon 1992) . In contrast, we observed that modulation sensitivity of MP stimulation reduced at higher stimulation levels. A similar trend of decrease in modulation sensitivity with increased stimulation level was reported by Middlebrooks (2008b) . In 77.7% cases of MP stimulation and 24.6% and 22.5% cases of FMP and TP stimulation, respectively, we observed that IC neurons were driven to saturation at 4 dB above threshold. This might have contributed to the impairment of modulation sensitivity of MP stimulation at high stimulation levels. However, modulation sensitivities of FMP and TP stimulation showed no stimulation level effect, demonstrating the adequate modulation detection capability of FMP and TP stimulation even at high stimulation levels. Moreover, FMP and TP stimulation were found to have similar modulation sensitivity. This is consistent with our previous electrophysiological studies that showed similar performance in spatial selectivity and channel interactions with FMP and TP stimulation (George et al. 2014 (George et al. , 2015a (George et al. , 2015b .
One of the limitations of the present study is that the carrier rate was limited to 120 pps, lower than typically used clinically (i.e., 250 to ϳ 4,000 pps), to ensure that stimulus artifacts did not contaminate the multiunit recordings. Middlebrooks (2008b) reported a systematic decrease in the modulation sensitivity with increasing carrier rate. However, the result of BP stimulation producing a significant decrease in modulation sensitivity compared with MP stimulation was observed at both low and high carrier rates in that study. Based on these reports by Middlebrooks, it is expected that the differences we observed between FMP, TP, and MP stimulation at the low carrier rate used in this study will be maintained when a higher carrier rate is used. Pfingst et al. (2007) found that in addition to higher MDTs for a 4,000 pps carrier rate compared with a 250 pps carrier rate, there was a significant interaction between carrier rate and stimulation site with lower modulation sensitivity at the apical stimulation site observed when the higher carrier rate was used. Therefore, it is also possible that the apical/basal differences found in our study would be different if a higher carrier rate was used.
In summary, the results from the present study demonstrated elevated MDTs using FMP and TP stimulation compared with MP stimulation at low stimulation levels. However, the current focusing techniques such as FMP and TP stimulation remain capable of conveying amplitude modulation at high stimulation levels, at least within the confines of the present study, which to our knowledge has not been demonstrated previously. Previous results from our laboratory have shown significant improvements in spatial selectivity as well as reduced channel interactions with FMP and TP stimulation compared with MP stimulation, even in cochleae with significant neural degeneration. Associating the present data to our previous studies highlights the possible trade-off between spectral and temporal fidelity with these current focusing techniques. The exact phenomenon that limits the modulation sensitivity of more restricted stimulation techniques is still not clear. Future work needs to be done to explore the mechanism by which phase locking to focused stimulation might impair transmission of modulating waveforms. In addition, it would be interesting to see if speech perception using FMP and TP stimulation would be different in take-home CI experiments with more complex listening tasks, such as listening to speech in background noise. 
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